Background--Pulmonary dysfunction is a known complication after cardiac surgery using cardiopulmonary bypass, ranging from subclinical functional changes to prolonged postoperative ventilation, acute lung injury, and acute respiratory distress syndrome. Whether human pulmonary arterial function is compromised is unknown. The aim of the present study was to compare the structure and function of isolated and cannulated human pulmonary arteries obtained from lung biopsies after the chest was opened (pre-cardiopulmonary bypass) to those obtained at the end of cardiopulmonary bypass (post-cardiopulmonary bypass) from patients undergoing coronary artery bypass graft surgery.
T he pulmonary circulation receives the total cardiac output; yet in humans the characterization of pulmonary arteries is sparse. Most research into the structure of pulmonary arteries has been carried out using animal models or cast models from humans 1 with rare studies of arterial wall thickness and morphology in sectioned tissue samples biopsied from patients. 2, 3 In addition to the paucity of studies looking at the structure of human pulmonary arteries, there is no report in the literature on the physiological behavior of these arteries. An understanding of structure and function is important in order to characterize dysfunction and to investigate potential interventions to remedy derangements. A relevant context is cardiac surgery with cardiopulmonary bypass (CPB) where respiratory distress or dysfunction is one of the most common complications, affecting up to 25% of patients. 4 Presumed causative factors include inflammation, prolonged lung collapse, pulmonary ischemia and related reperfusion injury, blood contact with the surface of the heart-lung machine, endotoxemia, surgical trauma, blood loss, and transfusion. 5, 6 From the Department of Pharmacology, University of Oxford, United Kingdom These factors have been associated with in-hospital mortality, morbidity, and increased hospital costs. [7] [8] [9] Current strategies to reduce the respiratory dysfunction/edema associated with cardiac surgery have been the following: technical modifications of CPB, hemodilution, postoperative administration of steroids, and a range of lung ventilation protocols. 10 However, these modifications have had moderate or short-lived therapeutic success. A better understanding of the circulatory changes responsible for the lung dysfunction associated with cardiac surgery with CPB may help devise strategies aimed at reducing postoperative pulmonary complications, but to date this has not been possible due to a lack of fresh lung tissue.
We took advantage of a randomized trial to obtain lung biopsies for studies of structure and function. The aims of the present study were 2-fold: first, to demonstrate proofof-principle that structural and functional assessments of human pulmonary arteries from lung biopsies are possible; and, second, to compare structural and functional assessments of human pulmonary arteries before and after CPB in patients undergoing coronary artery bypass graft (CABG).
Methods
Patients undergoing CABG in the department of cardiothoracic surgery at the Hammersmith Hospital were recruited, after giving written informed consent, to a randomized controlled clinical trial comparing low-frequency ventilation during CPB to standard care; the trial is registered as ISCTRN 34428459. 
Study Participants
Patients aged ≥40 and <85 years and having elective or urgent CABG with CPB and cold blood cardioplegic arrest for CABG were eligible. Exclusion criteria were the following: left ventricular ejection fraction ≤30%, previous pulmonary embolism requiring warfarin for ≥3 months, previous cardiac surgery, NYHA class IV, cardiogenic shock, chronic renal failure requiring dialysis, treatment with corticosteroid or immunosuppressive drug, severe chronic obstructive pulmonary disease, lung pathology, previous radiotherapy, or body mass index >35.
Surgical, Anesthetic, and Cardiopulmonary Techniques
Operations were carried out following standard protocols for the Hammersmith Hospital. Anesthetic, cardiopulmonary, and surgical techniques were as previously reported. 6, 11 Briefly, after premedication with temazepam, anesthesia was induced with a combination of propofol and remifentanil; muscle relaxation was achieved using vecuronium. Anesthesia was maintained by infusion of propofol and remifentanil ( 
Confocal Microscopy Studies
In all studies, arteries were visualized using Olympus linescan confocal microscopes (FV500 and FV1000). When studying function, arteries were imaged with transmitted light using a 910 Olympus objective and recorded using Fluoview software (Olympus, Tokyo, Japan) at 1 Hz. The structure of arteries was studied with imaging using a 940 (1.15 NA, 0.25 mm WD)
water immersion Olympus objective, obtaining z-stacks through the arterial wall in 0. 
Functional Studies
Each artery was tested for leaks, assessed as an ability to hold diameter to >90% of original for a minute during a sealed pressure test. Small side-branches were common and detected by rapid deflation of arteries during this test, and these arteries were therefore not used for experiments. On occasion, no arteries within a biopsy passed this leak test, causing the number of samples with data to be less than the maximum of 12, with incomplete pairing between pre-and post-CPB biopsies for some patients.
To test contractile function of the arteries, concentration response curves were determined by varying the concentration of the thromboxane mimetic U46619 from 0.03 to 3 lmol/L. From a state of submaximal contraction to U46619, endothelial function (dilation of the arteries) was assessed using a single concentration of bradykinin (1 lmol/ L). Finally, maximum contraction was measured at the end of the experiment using a combination of 3 lmol/L U46619 and 45 mmol/L KCl.
Structural Studies
Studies of smooth muscle cell (SMC) orientation and density were carried out by fixing cannulated arteries with 2% (wt/vol) paraformaldehyde for 10 minutes at 36.5AE0.4°C, washing with PBS, then incubating arteries overnight at 4°C with phalloidin-TRITC (6.4 lmol/L); nuclei were stained with DAPI A-21200) using established methods.
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Once it was clear that cell orientation and density per se did not relate to cell function, an additional protocol was applied at the completion of functional experiments, in unfixed tissue. Live cells were classified according to their ability to uptake and de-esterify the fluorescent dye calcein AM, and classification was confirmed by comparing staining with cell permeant and impermeant nuclear dyes. This live cell staining analysis of SMCs and ECs was carried out by perfusing the artery lumen with calcein AM (1 lmol/L 
Statistical Analysis
All images were analyzed offline, measuring inner diameters of arteries and staining using Imaris â software (version 7.7
Bitplane). Decreases in diameter to U46619 are expressed either as % constriction (100% is equivalent to 0 lm; this established the ability of each artery to contract to U46619) or as % maximum constriction (100% is the constriction to 3 lmol/L U46619 plus 45 mmol/L KCl; used for concentration response curves to U46619). The dilation evoked by bradykinin is expressed as a reversal of the pre-imposed 3 lmol/L U46619 tone, with 100% equivalent to the maximum inner diameter of arteries. Percentage contraction and percentage dilation are summarized as the meanAESEM, with n representing the number of arteries studied. No experiments were discarded from the study but, for most pairs of biopsies, the entire protocol could not be successfully performed on arteries from both biopsies from a patient (see Functional Studies above); therefore, means are based on denominators that are less than 12 for most outcomes. Every effort was made to pair pre-CPB and post-CPB data where possible; statistical power could not be improved due to completion of trial. Descriptive statistics are used to summarize 
Arteries from 5 biopsies did not pass the leak test (marked #). In those arteries where contraction was not observed, the dilation could not be assessed (marked §). On 2 occasions the complete protocol was performed on arteries isolated from both pre-and post-CPB biopsies (patients 2 and 10, labeled yellow and cyan, respectively, in all figures). À, protocol not performed; +, protocol performed; CPB, cardiopulmonary bypass. 
Results
Pre-and post-CPB lung biopsies were taken from 12 patients. Patient characteristics, comorbidities, and medications are summarized in Table 1 . It should be noted that all patients enrolled in this study were hypertensive, and suffered from hypercholesterolemia, and most were diabetic. For analyses based on paired biopsies when each patient served as their own control, alterations in arterial function or structure from arteries pre-CPB to post-CPB are at least partly attributable to the effects of the surgery and/or the use of CPB. Table 2 outlines the protocols performed on each of the arteries isolated from the 24 biopsies. Table 3 shows the summary data for arterial characteristics and the experimental protocols.
Functional Analysis
The average internal diameter of pre-CPB arteries was 240AE23 lm (n=11), which was not different from that for post-CPB arteries 246AE30 lm (n=8). U46619 caused at least some contraction in 100% of arteries from pre-CPB biopsies. However, only 75% of arteries from post-CPB biopsies contracted to U46619 (Table 3 , Figure 1B ). Contractile responses averaged across available pre-and post-CPB arteries (unpaired) are shown in Figure 1B . When U46619 concentration response curves were compared in paired pre/ post-CPB arteries, there was a significant reduction in the % maximum constriction to U46619 (Figure 1C) , without affecting the EC 50 value (Table 3, Figure 1D ). Bradykinin (1 lmol/L) caused dilation in 35% of arteries from pre-CPB biopsies, compared to 29% of arteries from post-CPB biopsies (unpaired; Table 3, Figure 2A ). The % maximum EC-dependent dilation in pre-CPB arteries was not different from that in post-CPB arteries. There were no noticeable relationships between the magnitudes of vasoconstriction and vasodilation ( Figure 2B ).
Structural Analysis
Staining to show the structure of fixed pulmonary artery SMC layers using DAPI (nuclear stain) and phalloidin (F-actin stain) revealed inconsistent cell orientation and density (Figure 3) . In most cases a uniform pattern was observed; however, on occasion smooth muscle structure, instead of being oriented circumferentially, was at a range of angles. This misalignment was observed in some arteries from both pre-and post-CPB biopsies ( Figure 3B ). Furthermore, gaps were observed between SMCs (Figures 3 and 4) . These gaps were often filled by elastin, confirmed by AF-633 staining, and in some areas it was elastin that ran the entire way through the artery from the external layer through to the endothelium (Videos S1 and S2). In arteries from pre-CPB biopsies, live cell staining revealed that 100% of SMCs and 90% of ECs were viable (Table 3 , Figure 4 , Video S2). Conversely, in arteries from post-CPB lung biopsies, only about half of the SMCs and ECs were viable (Table 3 , Figure 4 , Video S3). Although there was a trend for the number of live SMCs and ECs to decrease after CPB, this was not statistically significant (Table 3, 
Discussion
This is the first study to combine pressure myography, pharmacology, and dyes to characterize both the structure and function of human pulmonary arteries. It provides proof of principle of the feasibility of carrying out such studies in the context of a clinical trial to evaluate the effects of an intervention on lung function. This is also the first study to investigate the effects of cardiac surgery and CPB on structure and function in isolated human arteries obtained from lung biopsy in patients undergoing elective CABG.
Functional studies revealed that the thromboxane mimetic U46619 caused vasoconstriction of all human pulmonary arteries isolated from pre-CPB biopsies but not all those from post-CPB biopsies. A paired comparison of the contractile responses of pre-and post-CPB arteries revealed a significant reduction in contraction to U46619 in arteries from post-CPB biopsies. Therefore, the inability of some arteries to contract may reflect the iatrogenic harm of cardiac surgery and CPB.
Previous structural analysis of human pulmonary arteries was last conducted in the 1970s using fixed and sectioned tissues taken from biopsies without isolating the arteries. [1] [2] [3] This is the first study to report the structure of live and fixed isolated, cannulated, and pressurized human pulmonary arteries. The structural assessment carried out in this study shows that the interlobular human pulmonary arteries studied were partially muscular in structure, often showing incomplete coverage of the artery circumference. Furthermore, although SMC orientation was often typical (ie, wrapped around the circumference of the artery and perpendicular to flow), in some arteries this was not so, instead being oriented over a range of angles and in some places showed spiral structures similar to those seen in rat pulmonary arteries. 13 Also, in the SMC layer there were nuclei of cells that did not appear to be SMC. Although the present study did not investigate the exact cell type, it is possible that these cells were fibroblasts or immune cells that are common components of the adventitia. 14 It should also be noted that the gaps left in the SMC layer were often filled with AF-633 staining, likely to represent the elastin component of the media. 15 Altered SMC structure was found in arteries both pre-and post-CPB. Therefore, in the present study we cannot link altered SMC orientation and density to CPB; rather, this may be a characteristic of this group of patients prior to surgery. We sought to establish which of the visible SMCs were viable, so we carried out a live/dead protocol in tissues after the functional studies to investigate the possibility that decreased contraction was caused by SMC death. We showed that all SMCs were alive in arteries isolated from biopsies taken pre-CPB, whereas only half the SMCs were alive in arteries from biopsies taken post-CPB. One explanation for these findings is that CPB causes decreased arterial contraction due to damage to SMCs in the arterial wall. During CPB, there is minimal blood perfusion of pulmonary arteries/ arteries and decreased oxygenation; these conditions are known to provoke an increased immunological response through ischemia-reperfusion injury and mechanical stress, causing atelectasis and lung dysfunction. [16] [17] [18] Indeed, a recent study has shown that CPB carried out in rabbits caused an increase in leakage of Evans blue dye administered intravenously, which could be inhibited by an antibody against tumor necrosis factor a. 19 Therefore, macrophage and neutrophils released during CPB could cause tumor necrosis factor a-induced apoptosis in pulmonary SMCs, such as that seen in this study. Functional studies of ECs suggested decreased endothelium-dependent vasodilation after CPB. In arteries from pre-CPB biopsies, less than half were capable of endotheliumdependent vasodilation, with an average dilation <50%. However, in arteries from biopsies taken after CPB, dilation to bradykinin was measurable in only 1 of 5. As with the contraction findings, this is consistent with a previous finding in porcine coronary arterioles of a slight decrease in vasorelaxation after CPB, which was associated with increased EC adhesion molecules and myeloperoxidase leading to cell death. 20 Our structural studies, which showed a smaller percentage of live cells in arteries from post-CPB biopsies compared to pre-CPB biopsies, further support this hypothesis. EC orientation, as for SMC, was atypical. Irrespective of the timing of biopsies in relation to CPB, ECs were often arranged at various angles instead of running in line with blood flow. This finding has previously been associated with altered shear stress associated with some vascular disease. 21, 22 In conclusion, we have demonstrated the feasibility of obtaining and studying the function and structure of arteries from human lung biopsies. We have shown that CPB is detrimental to both SMC and EC function in pulmonary arteries and that this is potentially a consequence of cell death. The ability to distinguish changes that are likely to be attributable to CPB suggests that these methods could be used to evaluate the effects of interventions to reduce the adverse consequences of CPB on the lungs.
